I. INTRODUCTION
The thermal, electrical, and mechanical properties of graphene films have been the subject of significant interest following the realization that a monolayer of carbon atoms that is stable at room temperature could be fabricated. 1 Because graphene is a 2-D material, its surface properties are of significant importance in situations where the graphene serves as an interface between different media. The many options for chemically functionalizing graphene make it suitable for use as a passivation film with tunable wettability. Several examples of this have been identified in the literature, including superhydrophobic graphene aerogels synthetized to obtain contact angles greater than 150
• ; 2 graphene foams coated with Teflon that can generate surfaces with advancing and receding contact angles of 163
• and 143
• , respectively; 3 few-layer graphene films supported on silicon substrates that have been chemically functionalized to exhibit the entire range of wettability from superhydrophilic to superhydrophobic; 4 and first principles simulations that have demonstrated the possibility of tuning the wettability of graphene by means of aluminum doping. 5 Although the applications of functionalized graphene surfaces such as these are still in the developmental stage, a wide range of applications has already been proposed, including maintenance-free solar cells, vapor condensation, high-performance electrical actuators, 6 and use as electrode materials. 7 Due to its chemical properties, a graphene coating on materials such as copper and silicon serves as an anticorrosion barrier. Interestingly, the changes produced in the wettability of a given surface after being coated with graphene have been a controversial subject among the scientific community. Experimental and theoretical analyses support the theories a) E-mail address: bud.peterson@gatech.edu of wettability opaqueness, transparency, and translucency of graphene-coated surfaces. Shin et al. 8 found that the contact angle on a silicon carbide surface coated with graphene was similar to that of graphite and independent of the number of stacked graphene layers, indicating wettability opaqueness. Raffie et al. 9 exfoliated and functionalized graphene in aqueous solutions with varying concentrations of acetone to modify the wettability of graphene and then coated different substrates with graphene; contact angle dependence on the supporting substrate was observed. Later on, Raffie et al. 10 first reported the wettability transparency of graphene. Single and multiple layer graphene were used to coat materials such as gold, copper, silicon, and glass. The results indicated that the contact angle for gold, copper, and silicon was not significantly affected by coating these surfaces with a single graphene layer. Alternatively, the contact angle of glass, a highly hydrophilic material, was significantly affected by a single layer of graphene. Simulations and theoretical calculations supported the idea that surfaces for which wettability was dominated by van der Waals forces could exhibit wetting transparency unlike surfaces like glass where short-range hydrogen bonding is also important. Shih et al. used molecular dynamics (MD) simulations and a meanfield-theory-based model, to formulate the partial wettability transparency or wettability translucency theory, in which the contact angle on a graphene-coated surface is affected by the water-substrate and water-graphene interactions. This idea is contrary to that of the wetting transparency theory in which the van der Waals interactions between water and graphene are negligible and the substrate properties are transmitted through the graphene sheet. Raj et al. 12 investigated the wettability of copper, silicon oxide, and glass substrates, coated with CVD-grown graphene, by measuring the advancing, receding, and static contact angles. It was reported that the addition of a single graphene layer altered the contact angle of the substrates, while the addition of more layers had no observable impact on the contact angle. These findings were used to formulate the idea that graphene is actually opaque to wettability changes since the equilibrium spacing between the substrate and graphene is too large for any substrate force potential to be transferred to the wetting liquid.
Li et al. 13 investigated the effects of atmospheric hydrocarbon contamination on the wettability of graphenecoated surfaces exposed to air. Airborne hydrocarbons were found to be absorbed onto graphitic substrates, thereby increasing the surface energy, and hence, creating more hydrophobic surfaces, as a function of the exposure time. These findings indicate that graphitic surfaces are more hydrophilic than previously thought. Lai et al.
14 reported similar observations for graphene-coated copper when exposed to airborne hydrocarbons. AFM-based force reconstruction was used to perform a nanoscopic characterization of the interface under different ambient humidity conditions, which led to the hypothesis that ambient water absorption also contributes to the observed ambient-exposure wettability dependence. The observed similarity between the wetting behavior of graphene coated surfaces and that of graphitic carbon prompted Lai et al.
14 to support the idea of the wettability opaqueness of graphene. Conversely, a recent experimental investigation conducted by Kim et al. 15 supported the wettability transparency theory when using in situ CVD-grown graphene on copper substrates, since the growth process involves surface adsorption that uniformly covers any imperfections.
Shih et al. 16 described the wettability of graphene-coated surfaces by means of the classical Young-Dupré model. The contributions to the total work of adhesion were assumed to be additive (water-graphene and water-substrate interactions) and that the substrate-graphene interactions did not alter the total contact angle. By separating both solid-liquid interactions, a clearer understanding of the conditions for transparent and opaque wettability was obtained. In the current investigation, we adopted the ideas explaining the wettability of graphenecoated surfaces proposed by Shih et al., 16 and used the meanfield theory to develop an analytical model of wettability of graphene-coated silicon to predict the macroscopic conditions required for observing wettability transparency. The effects of the silicon anisotropy on the wettability of different atomic planes were accounted for in the theoretical model, obtaining a remarkable accuracy to predict contact angles derived from MD simulations. This model represents an improvement on the previous model developed by Shih et al. 11 and also implemented by Li et al., 13 The recently reported contact angles of clean graphitic carbon 13, 14, 17 were utilized for the calibration of the water-carbon interaction potential, while the wettability of silicon was artificially controlled by varying the water-silicon interaction strength. In addition to report on the macroscopic conditions leading to observe wettability transparency, microscopic conditions such as the energy landscape generated due to the substratewater interaction and the interfacial concentration of liquid particles were used to explain the wettability of graphenecoated silicon.
II. ANALYTICAL MODEL OF WETTABILITY OF GRAPHENE-COATED SURFACES
Shih et al. 16 proposed that the wettability of graphenecoated substrates can be explained by considering the individual contributions to the total work of adhesion (W T A ) by the water-substrate and the water-graphene interactions, which can be expressed as
where W WG A is the water-graphene work of adhesion, W
WS
A is the water-substrate work of adhesion, γ lv is the experimental surface tension of water, and θ c is the contact angle on a graphene-coated substrate. The work of adhesion has interfacial energy and entropy contributions 18 given by
where ∆U WS /A is the total solid-liquid interaction energy per unit area, −∆S WS /A is the interfacial entropy loss due to the liquid layering imposed on the interfacial water molecules close to the solid surface, and T is the absolute temperature. Taherian et al. 18 found that the interfacial entropy contribution accounts for as much as 30% of the total work of adhesion on graphitic surfaces. A model based on the free-energy perturbation theory was developed to obtain the interfacial entropy, but its accuracy was restricted to a very limited range of hydrophobic conditions. 18 Mean-field-theory-based models of wettability rely on the reduction of a manybody problem to a one-body problem (single-body potential integrated over a function that represents the distribution of particles) and the assumption that W A ≈ ∆U WS /A. Driskill et al. 19 investigated the wettability transparency of graphene in water; in other words, instead of having a crystalline solid substrate coated with graphene, they studied the effect of having a water slab "coated" with graphene. MD simulations and a theoretical model of wettability transparency were developed. In the theoretical model, they included the waterwater electrostatic interactions, a requirement when studying polar particles interactions. Previously, we developed a mean-field model of wettability where the main difference with respect to previous models was the calibration of the Boltzmann distribution used to represent the interfacial liquid structure. 20 This simple modification led to a better match between the MD and theoretical calculations of the contact angle when compared with analytical models based on the sharp-kink-approximation (SKA). By neglecting ∆S WS /A, our model was self-compensated under hydrophilic conditions, where ∆S WS /A is important but our model underpredicted ∆U WS /A. Alternatively, slight underpredictions of the contact angle were observed for hydrophobic surfaces where the magnitude of ∆S WS /A is small but the theoretical values of ∆U WS /A were slightly smaller than MD calculations; see the supplementary material of Ref. 20 . These observations allowed to justify ignoring ∆S WS /A in the calculation of the work of adhesion. The same model will be used here for investigating the wettability of silicon and graphene-coated silicon; specific details on the model development can be consulted in Ref. 20 .
The approximation to the work of adhesion for the graphene-coated silicon substrate can be determined from
where ρ L (z) is the density distribution of liquid particles normal to the wetted plane, and the integration is performed from a reference value z ref ≈ 0 to a large value of r c in order to capture the bulk behavior. The definition of a proper ρ L (z) function is the major limitation of these kinds of wettability models. Taherian et al. 18 found that a Boltzmann distribution significantly overestimates the concentration of interfacial liquid particles and that the SKA generates poor predictions of wettability when compared to numerical simulations. Recently, Ramos-Alvarado et al. 20 suggested a simple but effective calibration to the Boltzmann distribution in which
, where ρ L,0 is the bulk density of the liquid particles, w (z) is the total single-particle interaction potential, and η is the only tuning parameter of the model. The single-particle interaction potentials for the graphene layer (w WG ) and the bulk silicon substrate (w WS ) are
where ρ Si s is the atomic surface density of the silicon plane under consideration (7.83 nm −2 for Si(111) and 6.78 nm −2 for Si(100)), ρ C s = 38.16 nm −2 is the atomic surface density of carbon atoms in graphene, N is the number of atomic planes, (ε CO , σ CO ) and (ε SiO , σ SiO ) are the Lennard-Jones potential parameters for carbon-oxygen and silicon-oxygen pairs, δ GS is equilibrium separation between graphene and silicon, and h i is the interlayer distance between silicon planes, where h i can take a fixed value (h 3 = 1.357 Å) between Si(100) planes or alternating values (h 1 = 0.784 Å, h 2 = 2.352 Å) in order to capture the triple-bilayer periodic structure of Si(111); see Fig. 1 . This kind of modelling approach was first introduced by Steele 21 for modeling graphite-gas interactions. In summary, the definition of ρ L (z) and Eqs. (1)- (5) close the model for calculating the contact angle on a graphene-coated surface.
The implementation of the wettability model with a calibration for ρ L (z) is referred to as the Boltzmann-calibrated model (BCM), and was inspired by the similarity between the MD-derived density profiles of liquid particles and the Boltzmann distribution. Figure 2 analytical prediction of graphite wettability using the BCM and SKA to represent ρ L (z), and MD simulation results for different interaction potentials. A value of η = 7.25 was found to be appropriate to generate an accurate prediction of the MD-calculated contact angles; additionally, a good match between the MD and theoretical calculations of the interfacial concentration of liquid particles for different values of ε was reported in Ref. 20 . Thus, the BCM is not only forcing a model to predict a given behavior, but also captures some of the interfacial properties of the wetting phenomenon.
Previously, Shih et al.
11 developed a similar model to explain the wettability of a graphene-coated substrate. However, their model was limited in that (1) only long-range attractive forces were considered in the definition of the interaction potential between a water monomer and the solid atoms, (2) a Boltzmann distribution was used to represent ρ L (z) and in order to avoid divergence to infinity of the density close to the wall, an arbitrary definition of the equilibrium distance between water and the substrate was assumed, (3) the calculation of ∆U WS /A was very sensitive to the definition of the water-solid equilibrium distance, and (4) the substrate was characterized by a bulk volumetric density to account for a wide variety of materials. Conversely, the current model includes both attractive and repulsive interactions, thus the water-solid equilibrium distance results in a model that closely matches the MD simulation results. The evaluation of Eq. because of numerical divergence. In addition, the anisotropy of crystalline substrates was considered, since the wettability is dependent upon the planar atomic density as observed for different silicon surfaces.
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III. MOLECULAR DYNAMICS MODEL
The wettability of pristine silicon surfaces, Si(100) and Si(111), and the graphene-coated version of similar surfaces was numerically investigated using MD simulations of cylindrical water droplets to determine the contact angle. Unlike the simulations for hemispherical droplets, cylindrical liquid slabs offer a number of benefits such as being less affected by the size and line tension as described by the Young's modified equation. 10, 22 Water was used as the working fluid and the SPC/E model 23 was utilized due to its good predictive capabilities, its low computational cost, and for comparison purposes due to being amply used in the literature. The Coulombic interactions in the water model were treated with the PPPM 24 algorithm with an accuracy of 1 × 10
and the rigidity of the model was enforced through the SHAKE 25 algorithm. The solid dynamics were not solved in the simulations, since it has been demonstrated that having fixed or mobile solid atoms does not alter the contact angle calculation in a significant manner. 26 The equilibrium distance between the graphene layer and the substrate was varied as illustrated in Fig 1. The structure of Tersoff graphene 27 was stretched 4% in order to create periodic graphene-coated silicon structures. Figure 1(a) depicts the unit cell used to create the graphene-coated Si(111) structure. The Si(100) imposed a greater challenge for matching with graphene, but a good periodic structure approximation was found by considering a unit cell of a combined structure which was made of 5 unit cells of graphene and 4 of Si in the x-direction and 11 cells of graphene and 5 of Si in the y-direction. The stability of the graphene-silicon structures was investigated by obtaining the equilibrium configurations from independent MD simulations of stretched graphene supported on silicon. The results indicated that the structures maintained their original periodic configuration after equilibration. It is noteworthy that a recent investigation of graphene-coated silicon wettability did not report any details on the structure of the graphene-silicon system. 28 The carbon and water molecules (oxygen atoms) interacted through a truncated Lennard-Jones potential with σ CO = 3.19 Å, ε CO = 0.4736 kJ/mol, and r c = 15 Å (parameters calibrated to obtain a contact angle of 64.4
• on a clean graphite surface). 20 For the silicon substrate, the distance parameter σ SiO = 2.63 Å was kept constant while ε SiO was varied to artificially modify the wettability of silicon. 29 Water droplets containing 2500-8300 molecules were simulated to discard any size effects on the contact angle calculation. The MD code LAMMPS 30 was used to perform the simulations and VMD 31 for visualization. Periodic boundary conditions were imposed on the three directions of the computational domain. The time step for integration of the governing equations was 1 fs; the neighbor lists were updated every time step, and the center of mass of the water molecules was reset to its initial position every time step in order to avoid drifting due to random perturbations. A snapshot of the initial molecular setup is illustrated in Fig. 3(a) and an equilibrium configuration is illustrated in Fig. 3(b) . The simulations followed the process: (1) minimization of energy in order to eliminate any excess potential energy from the initial configuration; (2) equilibration at 298 K using the Nosé-Hoover thermostat 32 with a time constant of 0.1 ps during 0.5 ns; (3) a microcanonical ensemble run for 0.5 ns under purely Newtonian dynamics; (4) production run (3-4 ns) for collecting snapshots of the water molecules every 0.5 ps.
The shape of the water droplets was determined by timeaveraging the density contours obtained from the particle count into several bins of dimensions 0.25 × 0.25 Å in the x − z plane. The y-dimension of the computational box was used as a whole for the calculation of the bin volume. After analyzing several data sets, the density of the water droplet was obtained as function ρ = ρ(x, z), see the inset of Fig. 3(c) and a sigmoidal function 33 was used to fit the density profile as
where ρ l is the bulk liquid density, ρ v is the bulk vapor density, z e is the position of the equimolar distance, and d e is an approximation of the liquid-vapor interface thickness. ρ v was assumed zero and the data fit was carried out neglecting the highly distorted region near the solid surface, see Fig. 3(c) . The droplet interface was defined by placing markers at the outer bins where ρ(x, z) = ρ l /2, then the interface was refined by means of a linear interpolation algorithm. The interface points were reconstructed using a circular approximation and the contact angle was obtained from the slope at the intersection with the solid surface. The contact angle calculation was the last step of the postprocessing stage and was performed every ten snapshots, allowing accumulation of the data over time. From this point on, the MRPM method 20 was used for assessing the quality of the calculations performed for obtaining the contact angle as a function of the data sets analyzed over time, to determine the steadiness of the calculations, and finally to obtain a reliable calculation of the contact angle.
IV. RESULTS AND DISCUSSION
A. Macroscopic conditions for wettability transparency
The theoretical model developed in Sec. II was used to predict the wettability of graphene-coated silicon and bare silicon surfaces, and MD simulations were used as a source of "experimental" data. The wettability of silicon was artificially controlled by holding the silicon-oxygen interaction potential parameter σ SiO constant, while varying the energy parameter ε SiO , similar to the previous investigation by Barisik and Beskok, 29 where the analysis was focused on the wettability of the Si(100) plane. It was found that using the same siliconoxygen interaction potential for the Si(100) and Si(111) surfaces leads to the observation of different contact angles due to the silicon structure anisotropy. This observation was verified by MD simulations and theoretical calculations. For comparison purposes, in terms of the observed contact angles, the contact angle of the two silicon surfaces was adjusted from ∼50
• to ∼150
• , a range amply covering the experimentally reported wettability of clean silicon. 29, 34 Three independent simulation runs were conducted for each ε SiO value and the contact angles on the two silicon surfaces are illustrated in Fig. 4(a) . The MD simulation results were consistent with the theoretical predictions of the BCM, where η = 2.7 for Si(111) and η = 2.1 for Si(100), although η = 2.5 produces good prediction for both surfaces. The theoretical predictions appeared to be more accurate for hydrophilic surfaces than for hydrophobic surfaces. This behavior is understandable, since the BCM compensates the lack of accountability for interfacial entropy under hydrophilic conditions (due to an underprediction of the energy contribution to the work of adhesion) and slightly overpredicts the work of adhesion in hydrophobic surfaces, as demonstrated in the supplementary material of Ref. 20 . Figure 4 (a) illustrates the strong effect of the crystal structure on the wettability of anisotropic materials, such as silicon. When the two silicon surfaces and water interact through the same potential, the less atomically dense Si(100) surface exhibits a more hydrophobic behavior than the atomically denser Si(111) surface, a feature taken as an advantage for anisotropic microfabrication by the MEMS community. By having lower atomic planar density, the energy contribution to the work of adhesion is reduced and the watersolid affinity decreases. Differences of ∼25
• exist between Si(111) and Si(100) under hydrophilic conditions (large ε SiO ) and the difference decreases to ∼4
• under very hydrophobic conditions where the interaction between water and the silicon surfaces becomes highly repulsive (small ε SiO ). At this point, two important aspects can be highlighted: (1) the theoretical model developed here has the capability of accounting for the effects of the surface and structural anisotropy on the wettability of crystals; and (2) the wide range of contact angles numerically obtained serve as a calibration exercise for future investigations of silicon wettability on the planes considered here; the required interaction potentials can be derived from Fig. 4(a) . On a note on the nature of the fitting parameter η, it could be thought that η apparently depends only on the planar density of the wetted surfaces; however, it must be remembered that the matching of wettability experiments with size-independent MD simulations leads to calibrate two independent interaction potential parameters and also that the solid structure (planar density and atomic interlayer spacing) plays a major role as indicated in Eqs. (4) and (5). Hence, unraveling the nature of η for every possible system poses a challenging task beyond the practical application featured in this investigation.
Once the silicon and carbon models were calibrated, the contact angles of graphene-coated silicon were predicted by the BCM and compared with the MD simulations, as depicted in Fig. 4(b) . Because the solid atoms lack internal degrees of freedom during the numerical modeling, the equilibrium distance between silicon and graphene, normally determined by the interaction potential between the silicon and carbon atoms, was defined as δ GS = 3.0 Å, a reasonable distance between a graphene layer physisorbed onto a substrate. On this aspect, some authors have indicated that δ GS ≈ 2.0 Å 35 and others have suggested that δ GS ≈ 3.55 Å 36 through mixing rule approximations. The value δ GS = 3.0 Å was taken as a reference to investigate the accuracy of the BCM when predicting the MD wettability of a more complex system than bare silicon. Figure 4(b) illustrates that the theoretical BCM is able to match the contact angles on graphene-coated surfaces calculated by means of MD simulations. The fitting parameter η = 7.25 was used to predict the wettability of graphenecoated silicon due to the proximity between graphene and water, see Sec. II. The observed trends coincide, although not as accurately as in the case of bare silicon surfaces. This can be attributed to the fact that the wettability of the coated surface is not as sensitive to ε SiO as the bare silicon due to the increased spacing between the water molecules and the silicon substrate. It was observed that the graphene-coated versions of the silicon surfaces have contact angles that vary between ∼74
• and ∼84
• , and the widest gap between the theoretical predictions for both surfaces is smaller than 2
• , a small difference hardly captured by MD simulations; nevertheless, the "experimental" data points fall within this range for the majority of the values of ε SiO .
The theoretical conditions required to achieve wettability transparency as a function of the macroscopic contact angle on a silicon substrate are illustrated in Fig. 5 . The equilibrium distance between graphene and silicon was varied from 3 Å to 5 Å just for purposes of performing a parametric analysis on the BCM; it is important to note that δ GS > 3.5 Å is not physically plausible due to the short range nature of the interatomic forces. Closely resembling experimental data, the MD simulation results fall along the curve for δ GS = 3.0 Å which also corresponds to the molecular setup used to obtain the data illustrated in Figs. 5(a) and 5(b) . The region where wettability transparency was expected appears as a shaded slab and encompasses a condition such that the variation of the contact angle of the substrate with respect to its graphene-coated version is ±5
• . The results indicate that the exact wettability transparency for δ GS = 3.0 Å is achievable if the contact angle of any of the two silicon surfaces is ∼76
• . Recent investigations have reported that the contact angle on a clean silicon surface is ∼77
•34 and the wetting transparency of graphene-coated silicon surfaces was first reported by Raffie et al. 10 Therefore, the theoretical and numerical "experiments" reported in Fig. 5 support the previous investigations suggesting the possibility of the wetting transparency of silicon surfaces, in addition to exploring the overall macroscopic wetting behavior of graphene-coated silicon surfaces. 
B. Microscopic conditions for wettability transparency
In Sec. IV A, the macroscopic properties required to observe wettability transparency in graphene-coated silicon were investigated. Microscopic effects are introduced in terms of the equilibrium separation between graphene and silicon, but further assessment of the changes induced in the interfacial region is required. Therefore, an analysis of the microscopic conditions giving origin to the wetting transparency phenomenon was conducted by analyzing the liquid interfacial structure and potential energy field contributions to the wetting transparency phenomenon.
When a silicon surface that exhibits a strong hydrophilic behavior is coated with a single layer of graphene, the strong silicon-water interaction is inhibited by increasing the effective distance between these particles. The equilibrium distance between graphene and silicon, plus the equilibrium distance generated between graphene and water, given by the carbon-water interaction potential, accounts for the diminished influence of the substrate on the water molecules, (see Fig. 6 for details of the silicon-oxygen potential energy field generated by the silicon atoms of the first two atomic layers). The water-graphene interactions tend to dominate the overall wettability behavior as the surfaces become less hydrophilic, until saturation is reached at superhydrophobic conditions. In these situations, it is apparent that the hydrophobic substrate serves as a supporting material and the observed contact angle is approximately that of a single layer of graphene, an argument theoretically supported by Fig. 5 . Taking an alternative view, it appears that the underlying substrate properties affect the wettability of the supported graphene layer. The silicon potential energy granularity is lost when it FIG. 6. Silicon-water interaction potential contours generated by the first two layers of (a) Si(100) and (b) Si(111) atoms, z = 0 is the position of the first layer of silicon atoms below graphene at z = 3 Å. Note: these contours represent V SiO (x, y) disregarding the strongly repulsive region surrounding the solid atoms. The energy contours are in kJ/mol. reaches the water molecules (z ≈ 6 Å) as indicated in Fig. 6 . This helps to explain why the two graphene-coated silicon surfaces exhibit similar contact angles and why the pristine surfaces exhibit different wettability. The strongly repulsive region has been eliminated from the energy potentials depicted in Fig. 6 and appears as a white region surrounding the silicon atoms.
The changes induced in the equilibrium structure of liquid particles when a silicon surface is coated with graphene are depicted in Figs. 7 and 8 . The upper panels illustrate the density contours of droplets for hydrophobic and hydrophilic bare silicon surfaces and the bottom panels depict the same surfaces coated with graphene. The large interstitial spacing between silicon atoms in the (100) plane generates large energy potential wells and a rough potential energy landscape as observed in Fig. 6(a) ; as a consequence, water molecules were observed to become entrained in the large interstitial spaces of the Si(100) surface, (see the right upper panel of Fig. 7) . The water molecule entrainment on Si(100) has been previously reported by Barisik and Beskok 29 but with rather low-resolution contours. Because of the low water-silicon affinity under hydrophobic conditions, no entrainment was observed in this case, (see the left upper panel of Fig. 7) . The interfacial structure of the liquid molecules was greatly modified when the silicon was coated with graphene. Water molecules did not penetrate the solid structure, due to the lack of potential energy wells caused by a high atomic surface density (the atomic density of graphene is 38.16 nm −2 while that of the Si(100) plane is 6.78 nm −2 ), (see Fig. 7 lower panels). Instead, a uniform liquid layering was observed in the vicinity of the solid. Figure 8 depicts the density contours of water droplets on a Si(111) surface; similar to the previous case, the left-and right-hand panels are hydrophobic and hydrophilic silicon surfaces, respectively, while the lower panels are the same surfaces coated with graphene. The larger atomic surface density of the Si(111) plane (7.83 nm −2 ) clearly eliminated the entrainment effect previously observed on Si(100). Here, the interfacial water structure consisted of a high-density layer near the solid liquid interface, similar to what was observed on the graphene-coated versions. The equilibrium separation between the water and the solid atoms is different for the two surfaces, due to the interaction potential parameters used and the potential energy landscape depicted in Fig. 6 . This is strongly related to the length parameter σ ij . Figure 9 illustrates the changes observed in the interfacial water structure under hydrophobic (top panel), hydrophilic (middle panel), and transparent (bottom panel) conditions for both silicon and graphene-coated silicon surfaces. It should be noted that the observed changes in the density profiles for the graphene-coated silicon surfaces were minimal; therefore, only one curve is depicted in each panel shown in Fig. 9 . Under hydrophobic conditions, major changes in the liquid interfacial structure were observed after silicon is coated with graphene; see Fig. 9(a) . A large depletion layer was observed on the Si(100) surface as a consequence of the low watersilicon affinity and low atomic surface density, whereas the larger concentration of solid atoms per unit area on the Si(111) surface alleviated this depletion effect. The graphene-coated version of the hydrophobic substrates significantly modified the interfacial liquid structure due to the relative stronger affinity between the carbon atoms and water. Fig. 9(b) illustrates the microscopic changes produced after coating a hydrophilic silicon surface. The hydrophilic Si(100) surface exhibits liquid-layering due to a stronger solid-liquid interaction. The first density peak on the Si(111) surface increased and even surpassed the magnitude of that of the graphene-coated silicon. The differences observed on both silicon surfaces can be related to the difference in the   FIG. 8 . Density contours of water droplets on Si(111) surfaces (upper panels) and graphene-coated Si(111) surfaces (lower panels). Hydrophobic silicon surfaces, left panels; hydrophilic silicon surfaces, right panels. The scale is in g/cm 3 . atomic surface density and the potential energy landscape they present to the water molecules, see Fig. 6 . The Si(100) plane allows for liquid molecules to become entrained in the interstitia and water density depletion occurred; alternatively, the more closely packed Si(111) structure did not allow entrainment of particles, and as a consequence the liquid particle concentration near the solid surface increased as the water-silicon interaction force increased, (see Table I ). The wettability transparency condition for both silicon surfaces (mildly hydrophilic surfaces) is depicted in Fig. 9(c) . It was expected to find similarities between the interfacial water structure on silicon and graphene-coated silicon surfaces under wettability transparency conditions. Such an assumption was partially and visually verified for the Si(111) surface and its graphene-coated counterpart. Both systems exhibited a similar interfacial structure of liquid particles once the shift between both density curves (∼1 Å) was eliminated. When the interfacial concentration of liquid particles was calculated, from zero to the valley after the first density peak, it was found that similarities indeed arise under wetting transparency conditions for both silicon surfaces, see Table I . It is noteworthy that the density profile at the interface (z = 0) is not zero for the Si(100) plane. This is due to the entrainment observed of some liquid particles into Si(100). The interfacial concentration of liquid particles increases on the bare silicon surfaces as the energy parameter ε SiO increases while it remains fairly constant on the graphene-coated cases. Interestingly, the concentration of particles is quite similar only under wettability transparency conditions. It appears that the strong granularity of the energy field created by the Si(100) surface affected the interfacial water structure in such a way that water density depletion is observed; nevertheless, these particles contribute to the total work of adhesion and are accounted for in the interfacial concentration of liquid particles. The rough Si(100) interface represents a major contribution to the wetting behavior of the bare substrate. However, when a graphene coat is applied, the underlying silicon only adds to the solid-liquid interaction by means of a smooth energy landscape. As for the Si(111), the same contribution to the energy potential landscape experienced by the water particles was observed, in addition to presenting similar interfacial liquid structures under wetting transparent conditions. Overall, although similarities were found between microscopic properties under wetting transparent conditions, the intricate combination of these gives origin to a physical macroscopic property such as the contact angle which eventually serves as a good discriminant for the conditions required to observe wetting transparency.
V. CONCLUSIONS
A theoretical investigation of the wettability of graphenecoated silicon was conducted in order to predict the macroscopic conditions required to observe wetting transparency on these surfaces. The resulting model represents a refinement/upgrade upon previous wettability models. 11 Numerical (MD) simulations were used as a source of "experimental" data. The recently reported contact angles on graphitic clean surfaces were used for calibration of the water-carbon interaction potentials while the wettability of different silicon planes was artificially controlled. A good match between theory and simulations was found, indicating that in order for graphene-coated silicon to be transparent, the contact angle of silicon should be ∼77
• . The theoretical model of wettability developed herein is inherently unable to fully predict the wettability of a bare surface due to having a fitting parameter (η); however, the calibration process performed for the two pristine surfaces (silicon and graphite) proved to be effective for obtaining a theoretical prediction of the wettability of graphene-coated silicon surfaces and the conditions required to observe wettability transparency. An analysis of the microscopic conditions required to observe wettability transparency was conducted by means of profiling the interfacial liquid density and by observing the interaction potential between water and silicon atoms. Interfacial structural differences were observed between the different silicon planes due to the strong granularity of the Si(100) surface compared to the smoother Si(111) surface. The interfacial liquid structure was found to be very similar under wetting transparency conditions on Si(111) whereas that of Si(100) was quite different. However, calculations of the interfacial concentration of the liquid particles led to an observed similarity between the concentration of liquid particles between bare silicon surfaces and their graphenecoated versions under wetting transparency conditions.
